Near-infrared light-emitting electrochemical cell (NIR-LEEC) has emerged as a new and promising lighting sourcewhich could serve as low-cost alternatives in NIR light-emitting sources which are typically expensive. LECs were also shown advantages such as light weight, simplicity and low operation voltages. However, only a few examples of NIR-LEEC are reported in which external quantum efficiency(EQE) of devices limited to 0.1%. Here, we report, efficient NIR-LEEC based of two novel binuclear ruthenium phenanthroimidzole complex which differ by employing the type of ancillary ligand including 2, 2′bipyridine (bpy) (B1) and 4, 4′ dimethyl bpy (B2) that realize maximum EQE of 0.14 and 0.68% and extremely long excited state lifetimes of 220 and 374 ns for thin film were estimated, respectively, indicating that influences of substitution on ancillary ligand. Moreover, this substitution dramatically influences other electroluminescence metrics including decreasing turn on voltage from 4.5 to 3.1 V, increasing maximum luminance (L max ) from 193to 742 cd.m −2 and increasing lifetime from 539 to 1104 second, which are the best value among the binuclear ruthenium polypyridyl complexes to date.
Light Emitting Electrochemical Cell (LEEC) has attracted great interest among scientists due to its outstanding photophysical properties [1] [2] [3] . In fact, a big challenge that always limits the commercialization of Light Emitting Diodes (LEDs) including multi-layer depositions by deposited stepwise which in most case needs to thermal vacuum evaporation and then rigorous encapsulation process for fabrication of low work function metal or a chemically n-doped electron injection layer which both are unstable in air. These limitations can be resolved through a very simple architecture and low-cost of a LEC [4] [5] [6] [7] [8] . In contrast to other types of LED including semiconductor-LED or organic light emitting diode (OLED), a LEC constructs only single layer emitter sandwiched between anode and cathode 9 . The presence of single active layer increases the rate of combination of hole and electron within the emitters when can eventually bring down the turn on voltage below 4 V 10 . Important modification of LEEC occurs upon designing new emitters that can be compatible with electrodes 11 . Up to now, many molecules including transition metal complexes 12 , polymers, Organic-inorganic composites and macromolecules 13 have been applied in LEEC as emitter. However, the unique photophysical properties of ionic transition metal complexes (ITMCs) such as active triplet excited state, long life time and high quantum efficiency in Ir-cyclometalted complexes and ruthenium polypyridyl complexes caused to design their novel derivatives 14 . In 1996, the first LEEC based on ITMC was reported by Lee and co-workers who indicated that ionic ruthenium polypyridyl complexes have acceptable electroluminescence characteristics and thermal stabilities 15 . A. J. Bard significantly progressed LEC based on [Ru(bpy) 3 ] 2+ (bpy: 2,2-bipyridine) and its analogues which shown high external quantum efficiency (EQE) and luminescence quantum yields (Φ) of about 10% 16 . In 2006, Bolink group suggested a blended of cationic ruthenium tris bathophenthroline complex with 20% poly(methyl methacrylate) (PMMA) which shown a maximum light output of 390 cd/m 2 at a very low applied voltage (3 V) 17 . Among many factors that affect the electroluminescence (EL) characteristics, the extension of pi-conjugate and atom substitution on the ligands will be able to produce required properties. For instant, pi-conjugation of ligand influence on the HOMO-LUMO band gap to produce desirable electroluminescence color emission 18 . The NIR luminescence material attracts great interest because of prominent applications such as bio-imaging [19] [20] [21] [22] , telecommunications 23, 24 , and wound healing 25, 26 , However, the external quantum efficiency (EQE) value in electroluminescence emitting devices is lower than 0.1% due to the intrinsic difficulty of energy gap law that disfavors radiative transition at higher emission wavelength, indicating the difficulty to obtain the high EQE NIR which made the literature is still lacking [4] [5] [6] [7] . Binuclear complexes offer interesting photophysical properties, such as switchable response between two metal core and overlap of emission properties to improve the emission properties of their mono-nuclear complexes 27 .
As part of our project under entitle "the influence of phenanthoimidazole ligand substitution on electroluminescence properties to reach an efficient NIR-LEC 28 , the phenanthroimidazole mononuclear ruthenium complexes with bipyridine and dimethyl bipyridine as ancillary ligand showed the best results in luminance (2395 cd/m 2 and 1965 cd/m 2 ), driving voltage (2.5 and 2.3 V) and EQE (0.689 and 0.845%) metrics among their analogues to date 28 . However, these devices were suffered from low stability as one of the important feature in LEC devices. To overcome this limitation, the increasing of the number of metal core to produce multi nuclear ruthenium complexes is a promising way to increase the stability of LEC device 29 . Therefore, to increasing the stability of LEC based on phenanthroimidazole ligand, we designed and synthesized two new phenanthroimidazole binuclear ruthenium complexes with bipyridine and dimethyl bipyridine as ancillary ligand. We summed two important factors in designing desired complexes. First, binuclear ruthenium complex based on phenathroimidazole ligand was synthesized and then electron donor group substitution on ligand was investigated. The molecular structure of complexes is shown in Fig. 1a .
Results
The structure of new ligands and complexes were fully characterized and summarized (ESI, S1). Moreover, the aliphatic hydrogen between two phenanthroimidazole germinal moieties play a key role to indicate the formation of binuclear complexes which can be clearly assigned by 1 HNMR. Signals at 4.4 and 2.4 ppm can be assigned to aliphatic hydrogens in ligand and complexes which are documents for the formation of binuclear compounds (ESI. S2). All characterization techniques establish the formation of two derivatives of ancillary ligands with 2,2 bipyridyl and 4, 4 dimethyl 2, 2 bipyridyl moieties.
The Uv-Vis spectra of complexes were recorded in acetonitrile which is shown in Fig. 1b . Two major bands were realized around 200-300 nm and about 450 nm, which can be attributed to π → π* transition and metal to ligand charge transfer (MLCT), respectively 30 . The compound B2 with dimethyl derivatives shows a red shift due to the electron donating nature of ancillary ligand. The photoluminescence of compounds in both solution and solid film was examined. In solution, B1 and B2 exhibit emission at 604 and 620 nm, respectively. For the same complexes supported on the non-conductive glass, PL peaks around 645 and 700 nm were observed (Fig. 1c) . This difference can be attributed to polarity effects of the medium, as previously reported in the literature 31, 32 . Furthermore, the effect of electron donating group on the dynamics of recombination was investigated using time-correlated single photon counting (TCSPC) technique. Generally, the life time of MLCT excited state of ruthenium polypyridyl complexes recorded at room temperature in solution media is in the range of 1-1000 ns [33] [34] [35] [36] [37] [38] [39] [40] . However, there is a lacking in the life time data in solid thin film for ruthenium polypyridyl complexes which directly is a key parameter to investigate the performance of every solid -lighting emitting device. Due to the forbidden nature of recombination occurring through MLCT excited state, the emission is long lasting (Fig. 1d) . After fitting the PL decay traces with the bi-exponential decay model, we estimated extremely long life time of charge carriers in both films (Table S1 ). However, as compared to B1 (τ = 220 ns) complex, the recombination was found to be slower in B2 (τ = 374 ns) complex, possibly due to the presence of electron donating group 41, 42 . In addition to, B2 complex showed the better lifetime on the glass substrate rather than [Ru(bpy) 3 ] 2+ (τ = 358 ns) as benchmark complex (see Table S5 , ESI) 43 . Therefore, we envisage that B2 complex can be a better candidate than B1 complex for the lighting application. The redox properties of complexes were determined by (Figure 1a ) and the extracted formal half-wave potential values of the reversible processes are summarized in Table 1 . Generally, two regions of oxidation/reduction (Ox/Red) were recognized for ruthenium polypyridyl complexes; the positive and negative regions which can be attributed to Ru(II)→Ru(III) and the Ox/ Red of ligands, respectively 44 . That behavior can be seen in our complexes except the second redox wave is in positive region which can be attributed to the oxidation of phenanthroimidazole ligand (ESI. Figure S4 ). Figure 2b also shows the oxidation wave of B2 at different scan rates from 0 to 250 mV/s. Moreover, as evident from inset of Fig. 2b , the linear correlation between υ½ and the anodic current can be attributed to mass-transport phenomena that controls the kinetics of the overall process and show the reversibilityof this process. In reversible electrochemical process the electron transfer rate is, at all potentials, greater than the rate of mass transport and the peak potential is independent of the applied voltammetric scan rate 45 , therefore, oxidation potential have been used for accurate calculation of energy level of frontier orbital (HOMO, LUMO) of B1 and B2 at the scan rate of 80 mV/s. The calculation of frontier orbitals were shown that stabilization of HOMO and destabilization of LUMO by introduction of methyl group on bipyridine therewithband gap of B2 decrease respect to B1 (Table 1) . Furthermore, according to DFT calculations, the presence of the methyl groups on the dmbpy ligands of complex B2 stabilizes the HOMO of complex B2 compared to complexes B1, in addition to existence of methyl group on bipyridine decrease band gap of B2 rather than B1 (ESI, Figure S5 ).
The device structure of ITO/complexes (B1 and B2)/Ga:In emits red color electroluminescence as shown in Fig. 2c . We employed the molten way cathode (Ga:In) because the vacuum based deposition technique of metals, such as Al, Ca and Au has certain limitations. Almost 55 nm of red shift in electroluminescence (EL) spectrum was observed for dimethyl-bpy derivate ancillary ligand (B2) extending to NIR region as compared to bpy ancillary ligand, which can be attributed to the electron donating nature of methyl groups 46 . Figure 2d shows the significant different of current density and luminance measurements over applied of two device based on B1 and B2 complexes. As summarized in Table 2 , complex B2 indicates the better EL characteristic than B1 which is the highest value reported for the binuclear ruthenium polypyridyl complexes 47 . Interestingly, the turn on voltage of complexes dramatically reduced from 4.5 V for B1 to 3.1 V for B2. As compared to B1 based device, maximum luminance (L max ) is about three fold for the device based on B2. Apparently, the substitution of electron donor moieties influences the stability of device performance over time that was more apparent in B2 complex (3b, c) . The LEC device based on B1 exhibit the maximum EQE in about 7.5 volt for B1 (0.141%) and about 5.9 volt for B2 (0.682). The device based on B1 show maximum luminance of 194 cd/m 2 at 7.4 V while based on B2 show 742 cd/m 2 at 7.7 V. The turn-on time was obtained for B1 and B2, 57 and 87 second, respectively. In addition to we obtained lifetime of 539 s, 1104 sfor B1 and B2, respectively. The lifetimes show the better stability of device based on B2 rather than B1. (Fig. 3 and Table 2 ).
As our knowledge, the OLED and LEC based on binuclear ruthenium polypyridyl complexes is very rare, which summarized in ESI . Table S4 27, 29, [47] [48] [49] . The highest demonstrated EQE value of NIR EL for a binuclear ruthenium polypyridyl complex with an anode ITO/complex (100 nm)/Au (100 nm) configuration is 0.013% 48 , while the EQE value in current work is reached to 0.682 % with the configuration of ITO/B2 (90 nm)/Ga:In.
Although two-layer deposition procedures were completely the same, surprisingly the morphology and arrangement of complexes on the surface is completely different. From SEM images (ESI, Figure S6 ), we conclude that the methyl group substitution affects the Surface morphology, which eventually improved the characteristics of the EL device.
In comparison with earlier work 28 , dinuclear ruthenium complex (B2) shown a red shift about ∼44 nm to near infrared region compared to its mononuclear analogue (NE02, 630 nm). Later, the device lifetime of B2 was significantly improved compare to its mononuclear analogue (from 720 s for NE02 to 1104 s for B2). It is useful to note that the aim of this work was not to search for the best performances and to maximize the cell efficiencies. On the other hand, the actual goal of this study was to introduce the first NIR-LEC based on binuclear ruthenium phenanthroimidazole and the influence of electron donation group substituent to improve the life time and other EL properties of a NIR-LEC. However, the literature lacks a detailed the solid life time and EL characteristics of binuclear ruthenium polypyridyl complexes and thus, the knowledge of the photopysical and light emitting electroluminescence properties of this very important class is very limited. Therefore, we believe that more reports on binuclear ruthenium polypyridyl complexes are needed to the development of the OLED and LEC based on NIR luminescent materials.
In summary, we successfully tailored the excited state dynamics by molecularly engineering the structure of two new binuclear ruthenium phenanthroimidazole complexes, which were employed as efficient emitters in near infrared light emitting electrochemical cells. Even in the absence of selective contacts, all electroluminescence parameters, including turn on voltage (from 4.5 to 3.1 V) maximum luminance (from 193 to 742 cd m −2 ), lifetime (from 539 s to 1104 s) and EQE (from 0.14 to 0.68 %) improved when emitter containing dimethyl-bpy ancillary ligand instead of bpy ancillary ligand was employed.
